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Nomenclature

A — catalytic activity;

C, and C — initial and current total
organic carbon concentrations in
aqueous phase, respectively, mol/l;
ke and k. —effective rate constants
of 4-nitrophenol mineralization
during ozonation with and without
a catalyst, respectively, min™';

t — time, min.

Abstract

This paper deals with determining catalytic activities of titania (Ti0O,) with various
crystalline structures and magnetite (Fe;O,4) during mineralization of 4-nitrophenol
in aqueous media by ozonation. Among the titania samples under study, amorphized
TiO, was shown to have the highest catalytic activity, while magnetite was
characterized by the lowest catalytic activity. A procedure is proposed to synthesize
a magnetically separable composite (TiO,/Fe;0,) including amorphized titania and
magnetite phases, which involves deposition of a catalytically active titania phase
on preformed magnetite particles. We also studied the effect of mass ratio of titania
and magnetite phases in the composite on its catalytic activity during 4-nitrophenol
mineralization by ozonation. It was found that catalytic activity of composite
increased as the amorphized titania phase was doped with magnetite phase up to
30% wt but as the magnetite portion in the composite catalyst was further increased,
its activity decreased. According to Fourier transform infrared (FTIR) spectroscopy,
content of catalytically active sites (hydroxyl groups of titania) in the composite
catalyst decreases as compared to the pure phase of amorphized titania. Increase in
catalytic activity of the composite as its magnetite content increases to 30% wt can
be attributed to increase of accessibility of catalytically active sites (OH groups) for
ozone, because specific surface area and total pore volume of the composite catalyst
as determined by BET increase as compared to amorphized TiO, and catalytically
active titania phase is located mostly on surface of magnetite particles which is
indicated by scanning electron microscopy (SEM) results and electrophoretic light
scattering (ELS) data. It was shown that the obtained composite catalyst of optimized
composition, in spite of its fine particles, can be easily recovered from aqueous
phase by magnetic field and used repeatedly in ozonation in order to promote water
purification process.

1. Introduction

ization of most organics, including 4-NP, by ozone
is a complex, multistage process [3]. Initial stages

Nitroaromatic compounds, including 4-nitrophe-
nol (4-NP), are widely used in production of dyes,
pesticides, herbicides, plasticizers and explosives
which results in relevant environmental protection
issues. Nitrophenols are toxic, cancerogenic and
mutagenic [1]. Therefore, their environmental re-
lease must be prevented. To remove organics from
waste water, biological treatment has been used usu-
ally. However, nitrophenols are biodegraded very
slowly due to their toxicity for microorganisms [2].
This calls for studies developing efficient methods
to remove nitrophenols from waste water. As one of
such methods, ozonation is proposed [1]. Mineral-
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of 4-NP oxidation by ozone are rather fast, ozone
fed into the reaction medium being used efficiently
in oxidation processes. As oxidation progresses, a
number of carboxylic acids are formed as interme-
diate products, such as oxalic, glyoxalic and formic
acids [3]. Further mineralization of these acids by
ozone is slow which makes the water-treating pro-
cess considerably longer and costlier. Oxidation rate
of ozone-resistant organics, as reported in paper [2],
can be improved by using heterogeneous catalysts
such as: MnO,, Al,Os, ZnO, TiO,. Paper [4] demon-
strates titania (Ti0O,) with anatase structure to be one
of the most efficient catalysts in ozonolytic organics
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mineralization process. A major drawback of solid
catalysts which can be used in water-treatment pro-
cesses is that they are difficult to be recovered from
aqueous phase after ozonation where they are used
in form of fine particles. One of possible ways to
simplify recovery of fine catalyst particles from lig-
uid media could be introducing of magnetic compo-
nent in their composition. Such component, for ex-
ample, can be magnetite (Fe;O,). However, catalytic
activity of magnetite in mineralization of ozone-re-
sistant organics is unknown, and doping TiO,-based
catalyst with it may have a substantial effect on its
activity. Thus, further studies are required to obtain
an efficient magnetically separable titania — magne-
tite composite catalyst.

This study deals with synthesis and composition-
al optimization of a magnetically separable titania
— magnetite composite catalyst, and with its cata-
lytic activity in ozonolytic mineralization of hard-
to-degrade organics, illustrated by one of them,
4-NP. Particular goals of the study are as follows:
to determine catalytic activity of titania with vari-
ous crystalline modifications and magnetite in 4-NP
mineralization, to prepare a TiO,/Fe;0, composite
catalyst with optimal composition and macrostruc-
ture, and use this catalyst to perform complete min-
eralization of 4-NP.

2. Experimental

Catalytic mineralization of 4-NP during ozo-
nation was studied in a glass cylindrical reactor of
500-cm® useful volume and 5 c¢cm inner diameter.
The experiments were performed at 30 = 0.1 °C.
Ozone-air mixture with ozone concentration of 10
mg/l was bubbled into the reactor via a porous glass
sparger at 0.8 I/min flow rate. Ozone was produced
from oxygen of air in a laboratory ozonator OGVK-
02V (MELP CJSC, Russia). Gas-phase concen-
tration of ozone at the reactor inlet was measured
by spectrophotometry, using ozone meter ICO-01
(MELP CJSC, Russia). Residual ozone at the re-
actor outlet was removed from the gas phase using
ozone decomposer DTK-10 (MELP CJSC, Russia).
The initial aqueous 4-NP concentration in all ex-
periments was 400 mg/l. Catalyst concentration in
aqueous phase was 1.2 g/I.

To determine 4-NP mineralization (complete
decomposition to CO,, H,O and NO;") rate in the
course of ozonation, total organic carbon (i.e. car-
bon of total organics dissolved in aqueous phase)
was measured periodically in liquid-phase samples
from the reactor, using TOC-L analyzer (Shimadzu,
Japan). The resulting kinetic curves of the mineral-

ization process, as recommended by paper [5], were
processed using first-order reaction rate Eq. (1).

dc
E:keﬁc (1)

where k,; — effective rate constant of 4-NP mineral-
ization, min™'; C — current total organic carbon con-
centration in aqueous phase, mol/l, and ¢ — time, min.
As a kinetic parameter describing 4-NP miner-
alization process, effective mineralization rate con-
stant (k,;) was used, which was determined in accor-
dance with Eq. (2) as a In(C,/C) versus ¢ line slope.

In (Co/C) = k4t (2)

where C, — initial total organic carbon concentration
in aqueous phase, mol/l.

Catalytic activity (A) of the test catalyst samples
in organic carbon mineralization during 4-NP ozona-
tion was calculated as ratio of effective mineraliza-
tion rate constants with and without a catalyst under
equal conditions [6]:

A= eff .c (3)

where k,;. and k,; — effective rate constants of 4-NP
mineralization during ozonation with and without a
catalyst, respectively, min".

Amorphized titania (sample T-1) was obtained
by hydrolysis of titanium tetra-tert-butoxide (TTB)
in isopropyl alcohol as described in paper [7]. Tita-
nia with crystalline structures of anatase and rutile
was obtained by calcination of amorphized TiO, at
600 °C (sample T-2, anatase) and 1000 °C (sample
T-3, rutile), respectively.

Magnetite was obtained by alkaline (pH=10+11)
co-hydrolysis of FeSO, and FeCl; at 80 °C as de-
scribed in paper [8].

When synthesizing the magnetically separable
composite catalyst, we intended to deposit titania on
surface of preformed magnetite particles. Magnetite
particles were suspended in isopropyl alcohol. The
weight of magnetite particles to be added to isopro-
pyl alcohol was calculated from the required final
magnetite contents of the composite catalyst sam-
ples: sample C-10 (10% wt Fe;0,); sample C-30
(30% wt Fe;0,); sample C-50 (50% wt Fe;0,). TTB
at 1.25 mol/l was added to the resulting magnetite
suspension. Then TTB was slowly hydrolyzed. To
do so, isopropyl-alcohol solution of distilled wa-
ter (water concentration 1.75 mol/l) was added to
the TTB — containing magnetite suspension while
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mixing vigorously, so that water-to-TTB molar ra-
tio amounts to 1. After that, the reaction mixture
was maintained at 60 °C for 2 h while mixing, then
cooled to 25 °C and, to complete TTB hydrolysis
distilled water was introduced to the reaction mix-
ture, so that final water-to-TTB molar ratio amounts
to 25. The suspension was maintained at 60 °C for
1 h while mixing. The resulting precipitate was fil-
tered under vacuum, rinsed by isopropyl alcohol,
and dried at 105 °C.

The X-ray diffraction (XRD) patterns of catalyst
samples were obtained on XRD-7000 diffractome-
ter (Shimadzu, Japan) using Cu Ka radiation in the
20 range from 10 to 80°.

Specific surface area and total pore volume of
the catalyst samples were measured by Brunauer—
Emmett-Teller (BET) method, using Nova 1200e
analyzer (Quantachrome Instruments, USA).

Morphology and average particles size of the
catalyst samples were determined by scanning elec-
tron microscopy (SEM) using microscope S-3400N
(Hitachi, Japan).

Fourier transform infrared (FTIR) spectra of the
catalyst samples were recorded with FTIR spec-
trometer, Nicolet-380 (Thermo, USA), using sam-
ples tableted with KBr.

Zeta-potentials of catalyst sample particles were
measured by electrophoretic light scattering (ELS),
using ZetaSizer analyzer (Malvern, USA).

3. Results and Discussion
3.1. Catalytic activities of titania with various
crystalline structures and magnetite in ozonolytic

4-NP mineralization

First of all, titania samples of various crystalline
structure and a magnetite sample were obtained.

In(C4/C)

(a)

y T T y T ]
1] 30 60 [0 120 150 180

t, min

XRD patterns of the prepared samples are shown in
Fig. 1a-d. It can be seen (Fig. 1a) that sample T-1 is
highly amorphized TiO,, weak and broad peaks can
be attributed to beginning of anatase phase forma-
tion. The diffraction peaks of samples T-2 (Fig. 1b)
and T-3 (Fig. 1c) were assigned to the well crys-
tallized anatase and rutile phases respectively. The
diffraction peaks of magnetite sample (Fig. 1d) can
be attributed to the cubic structure of crystalline
Fe;0,.

Catalytic activities of obtained samples in 0zo-
nolytic 4-NP mineralization were measured. It can
be seen (Fig. 2a) that 4-NP mineralization rate in-
creases in the presence of the titania samples, how-
ever, to various degrees. Catalytic activities of TiO,
samples decreasing as follows: T-1>T-2>T-3 (Fig.
2b), are attributable to substantial reduction of their
specific surface areas (Table 1). Among the test
samples, Fe;O, exhibits the lowest catalytic activity.
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Fig. 1. XRD patterns of the catalyst samples: a — T-1;
b — T-2; ¢ — T-3; d — Fe;0,; e — C-30. Designation of
diffraction peaks: A — anatase; R — rutile; M — magnetite.
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Fig. 2. Effects of titania samples with various crystalline structures and magnetite on mineralization rate of 4-NP during
ozonation (a — kinetic curves; b — catalytic activity (A)): 1 — T-1; 2 — T-2; 3 — T-3; 4 — Fe;0,4; 5 — ozonation without a

catalyst.
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Table 1
Specific surface areas, total pore volumes, {-potentials and average particles sizes of the test samples
Sample Specific surface area, | Average particles size, {-potential, mV Total pore volume,
m?/g nm (pH=7) cm®/g
T-1 350 105 —-9.2+2.1 0.61
T-2 55 - - -
T-3 8 - - -
Fe;0, 68 62 162+1.9 -
C-30 457 144 -2.6+1.8 0.74

Data in paper [4] and FTIR spectroscopy results
obtained by us indicate that calcination of amor-
phized titania leads to decrease of OH groups con-
centration on its surface. This may be responsible
for crystalline TiO, modifications (T-2, T-3) have
lower catalytic activities than amorphized TiO, (T-
1). Chemical Egs. (4) to (6) [9] show OH groups
are active sites of catalyst (Me—OH) which speed
up decomposition of ozone dissolved in aqueous
phase to produce HO" radicals. These radicals are
involved in mineralization of molecular-ozone-re-
sistant organics. Chemical Egs. (7) to (12) [10]
demonstrate the way of HO" radicals interaction
with organic substances as illustrated by oxalic
acid, one of the most molecular-ozone-resistant in-
termediates which are produced during mineraliza-
tion of many hard-to-degrade organic compounds
[11], including 4-NP [3].

Me-OH + 205 — Me-0, + HOy + 0, (4)
Me_OZ-_ + 03 + HzO — Me—-OH + 02 + HO3' (5)

HO," — HO" + 0, (6)
OOC-COOH + HO" — CO, + H,0 + ‘COOH  (7)
‘COOH + 0, — CO, + HOy' (®)

HO" + HO" — H,0, )

HO, + HO, — H,0, + 0, (10)

HOZ. +HO" — Hzo + 02 (12)

Paper [12] shows that activity of heterogeneous
catalysts in ozone decomposition producing HO*
radicals to be determined not only by its surface OH
groups concentration but also by acid-base proper-
ties of these groups. Catalytic activity is enhanced as
OH groups increase in acidity [12], i.e., as deproton-
ation and negative charges on metal-oxide particle
surfaces become more likely. Zeta-potential values
of amorphized titania (T-1) and magnetite (Fe;O,)

are given in Table 1. {-potential of amorphized TiO,
(T-1) is negative which goes with negative charge of
potential-determining ions on titania particles sur-
face. However, magnetite has positive {-potential at
the same pH value (pH = 7) which was used to mea-
sure zeta-potential of sample T-1. This is likely to
result from Fe;O, being more basic than amorphized
Ti0,. Lower OH groups acidity in Fe;O, allows to
expect that magnetite will exhibit lower catalytic ac-
tivity in 4-NP mineralization than amorphized tita-
nia (T-1). According to our data (Fig. 2), magnetite
really displays weak catalytic action in ozonolytic
4-NP mineralization as compared to titania samples.

Our experiments allowed to conclude that, while
synthesizing a magnetically separable TiO,/Fe;O,
composite catalyst, it is expedient to maintain amor-
phized state of the titania phase, and to deposit TiO,
on Fe;0, particles surface when producing the com-
posite, i.e., to facilitate access of 0zone molecules to
the active sites of titania phase.

3.2. Synthesis and compositional optimization of
magnetically separable titania-magnetite compos-
ite catalyst

To provide the required component distribution
throughout the catalyst particle cross-section such
that TiO, phase covers Fe;O, particles, preformed
magnetite particles were suspended in the liquid
phase (isopropyl alcohol). Then TTB was slowly
hydrolyzed in liquid phase of the suspension. Af-
ter hydrolysis was completed, the composite par-
ticles were separated from the liquid phase and
dried at 105 °C to prevent TiO, from crystallization
and maintain amorphized state of this phase. XRD
pattern of the composite sample C-30 is shown in
Fig. le. The peaks with 20 values of 30.09°, 35.44°,
43.07°, 53.43°, 56.96°, 62.54° correspond to the
crystalline Fe;O,. TiO, phase in the composite is
highly amorphized, broad and weak peak with 20
value of 25.26° can be attributed to beginning of
anatase phase formation.
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Fig. 3. Effect of composite catalyst samples with various magnetite contents on mineralization rate of 4-NP during
ozonation (a — kinetic curves; b — catalytic activity (A)): 1 — amorphized TiO, without Fe;O, (T-1); 2 — C-10;

3 —C-30; 4 — C-50; 5 — ozonation without a catalyst.

To optimize the catalyst composition, a number
of amorphized titania-magnetite (TiO,/Fe;0,) com-
posite samples with varying magnetite contents were
obtained, and their effect on ozonolytic 4-NP miner-
alization rate was studied (Fig. 3a). According to the
findings (Fig. 3b), when titania phase is doped with
up to 30% wt magnetite phase, catalytic activities of
the composite catalyst samples increase as compared
to pure amorphized titania, in spite of decrease in
TiO, portion of the catalyst. However, as magnetite
portion of the composite further increases, its cata-
lytic activity falls. Thus, optimal magnetite content
of the composite catalyst is 30% wt. (sample C-30).

To explain the observed increase in catalytic ac-
tivity of the composite as the low-active magnetite
phase content increase up to 30% wt. as compared
to amorphized titania in more detail, C-30, T-1 and
Fe;O0, samples were examined by FTIR spectrosco-
py (Fig. 4). FTIR spectra of pure amorphized TiO,
and Fe;0, phases are as reported in publications
[13, 14]. All absorption bands of TiO, and Fe;O,
are preserved in the composite sample (Table 2, Fig.
4) which suggests that individual oxide phases still
exist in the composite. However, as to intensity of

absorption bands, the composite is more similar to
TiO, which can be explained by its higher content in
the composite catalyst. Particular attention should
be paid to the absorption bands corresponding to
bending vibrations 6(TiOH) and o(FeOH), their in-
tensity being a measure of OH groups content in the
sample which, as noted above, are responsible for
catalytic activity.

Lg% g

Transmittance

4000 3500 3000 2500 2000 1 1500 1000 500
Wavenumber, cm

Fig. 4. FTIR spectra of samples: 1 — T-1; 2 — C-30;
3- F6304.

Table 2
Important absorption bands in FTIR spectra of samples of the composite (C-30),
amorphized titania (T-1), magnetite (Fe;O,), and their interpretation

Wavenumber, cm’ Interpretation of absorption bands according to [13, 15]
C-30 T-1 Fe;0,
3405 3394 3427 v(OH) stretching vibrations of hydrogen-bonded OH protons
1632 1628 1633 J0(HOH) bending vibrations of water molecules
1458, 1400 1458, 1400 - J(=Ti—O-Ti=) bending vibrations
1037 1037 - J(TiOH) bending vibrations
- - 895 J0(FeOH) bending vibration
500 to 800 500 to 800 - v(TiO) stretching vibrations
628 - 628, 581 v(FeO) stretching vibrations

Eurasian Chemico-Technological Journal 17 (2015) 309-316
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Figure 4 shows that the absorption band 6(FeOH)
in the composite FTIR spectrum cannot be observed
due to high intensity of a wide absorption band of
stretching vibrations v(TiO). The absorption band
o(TiOH) is somewhat less intense in the composite
than in titania. This suggests that OH groups concen-
tration in the magnetically separable catalyst is less
in comparison with amorphized TiO,. Absorption
band of stretching vibrations v(OH) generated by
surface OH groups and adsorbed water molecules,
and band of bending vibrations 6(HOH) of adsorbed
water molecules, decrease in intensity as follows:
T-1 > C-30 > Fe;0, (Fig. 4) which confirms indi-
rectly that there are less OH groups in the composite
than in amorphized titania because adsorbed water
amount is considerably dependent on OH groups
concentration on oxide particle surfaces.

Thus, increase in catalytic activity of the com-
posite as compared to amorphized titania cannot be
explained by the increase of total amount of active
sites (OH groups) in the composite. However, ac-
cording to BET data (Table 1), the specific surface
area and total pore volume of C-30 are 1.3 and 1.2
times respectively higher than in amorphized titania
sample (T-1). This can be a reason of the increase in
accessibility of active sites in the composite catalyst
for ozone molecules. The findings allow to conclude
that, though total amount of active sites in the com-
posite catalyst decreases, increase in their availabil-

Fig. 5. SEM images of samples: a — T-1; b — Fe;0,; ¢ — C-30.

1104 il
—

ity due to increase in specific surface area and po-
rosity enhances catalytic activity of the composite
as compared to pure amorphized titania.

To determine morphology and average particles
size, C-30, the composite catalyst sample with the
highest catalytic activity, and samples of amor-
phized titania (T-1) and magnetite (Fe;O,) were ex-
amined by scanning electron microscopy. Figure 5
shows that these samples consist of agglomerated
irregular-shaped particles rather homogeneous in
size. The measured average particles sizes for the
test samples are given in Table 1. Average particles
sizes of the composite catalyst (C-30), amorphized
titania (T-1) and magnetite (Fe;O,4), and compari-
sons of their SEM images suggest that amorphized
titania phase was formed during synthesis of the
composite on magnetite particles surface mostly
which resulted in formation of larger-sized com-
posite catalyst particles (Fig. 5, Table 1). Electro-
phoretic light scattering demonstrated (Table 1)
that composite particles (C-30) are more similar in
{-potential to amorphized TiO, particles (T-1), and
rather different from Fe;O, particles which indicates
that the titania phase is situated mostly on surfaces
of the composite catalyst particles.

Observed decrease in activities of the composite
catalyst samples with increase in magnetite content
over 30% wt (Fig. 3b) can be explained by increases
Fe;0, portion on composite particles surface.
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(a) (b) (c)
Fig. 6. Magnetic separation of the composite catalyst (C-
30): (a) — suspension in water before separation; (b) — after
exposition to magnetic field for 30 s; (c) — after exposition
to magnetic field for 3 min; 1 — magnet; 2 — composite
catalyst concentrated at the magnet poles.

As confirmed by visual observations (Fig. 6), the
compositionally optimized composite catalyst (C-
30) can be readily separated from the suspension by
magnetic field after ozonation which allows to re-
cover it from the liquid phase much simpler. It was
found that catalyst recovered from the liquid can be
used repeatedly in ozonation and loses its catalytic
activity rather slowly, at 4% per cycle on average.

Thus, the studies allowed to perform synthesis,
compositional and structural optimization of fine
magnetically separable composite catalyst which
includes phases of amorphized titania and magne-
tite. The catalyst can increase mineralization rate of
hard-to-degrade and bioresistant organic compound
(4-NP) during catalytic ozonation. Complete min-
eralization of 4-NP can be achieved. It can be ex-
pected that the catalyst will be efficient in ozonation
of other hard-to-degrade organics, which produce
molecular-ozone-resistant organic intermediates
during mineralization. This statement is undergo-
ing further experimental validation. Particles of the
compositionally optimized composite catalyst were
found to be structured so that catalytically active
amorphized titania phase was found to concentrate
mostly on their surface. Higher catalytic activity of
the composite in comparison with pure amorphized
titania can be explained by its higher specific surface
area and larger pore volume. This provides higher
accessibility of active sites (OH groups) for ozone
molecules. The composite catalyst particles, though
fine, can be readily recovered from liquid phase by
magnetic field and used repeatedly to intensify wa-
ter purification by ozonation.

4. Conclusions

1. We examined catalytic activity of titania sam-
ples with various crystalline structures and magne-

tite in ozonolytic mineralization of 4-nitrophenol.
Amorphized titania was shown to have the highest
catalytic activity among TiO, test samples. Mag-
netite was found to exhibit low catalytic activity in
4-nitrophenol mineralization. The findings allowed
to solve the problem of selecting phase composition
for the composite catalyst and hypothesize that the
best catalytic properties will be observed if the most
catalytically active phase, amorphized titania, will
be situated on the composite particles surface and
the low-active magnetite phase within it.

2. We solved the problem of synthesizing a mag-
netically separable composite catalyst for 4-nitro-
phenol mineralization and optimize its composition
and macrostructure. To provide the required distri-
bution of titania and magnetite throughout the cata-
lyst particle cross-section, such that TiO, phase cov-
ers Fe;0, particles, the composite was synthesized
by slow hydrolysis of titanium tetra-tert-butoxide in
the presence of suspended magnetite particles which
act as phase formation sites for titania. When opti-
mizing the composite catalyst compositionally, the
highest catalytic activity was observed in the sample
which contained 30% wt magnetite. The composite
catalyst with optimized composition has higher cat-
alytic activity than pure amorphized titania which
results from higher accessibility of active sites (OH
groups) for ozone due to higher specific surface area
and total pore volume of the composite. Catalyti-
cally active titania phase in the composite sample
(30% wt magnetite) of the highest catalytic activity
was found to concentrate mostly in surface layer of
the composite particles which is in line with the data
from scanning electron microscopy and electropho-
retic light scattering.

3. Using 4-nitrophenol as an example, we showed
that this composite catalyst can be used to intensify
ozonolytic mineralization of hard-to-degrade organ-
ics which produce stable intermediates during ox-
idation. The composite catalyst can be easily sep-
arated in magnetic field and re-used in ozonation
process.
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